Errorless learning, i.e. learning under conditions that prevent the generation of false memory candidates, has been shown to lead to enhanced memory performance during retrieval compared to errorful, trial-and-error, learning. These two learning methods were implemented in a word-stem completion format and contrasted in young healthy subjects with stimulus-locked and response-locked eventrelated brain potentials (ERPs) being recorded during memory retrieval. Retrieval accuracy was enhanced for items studied under errorless conditions. Stimulus-locked ERPs showed a modulation of a right frontal effect that differed in amplitude and topography for items learned under errorful and errorless conditions. This effect is interpreted as reflecting post-retrieval processes. In the response-locked ERPs, a typical error-related negativity (ERN) was observed that was most prominent for false alarm trials in the errorless condition, of medium amplitude for hits and false alarms in the errorful condition, smaller for hits in the errorless condition and virtually absent for items correctly or incorrectly classified as new. We propose that the amplitude modulation of the ERN is related to the activity of an internal monitoring device checking the veridicality of a retrieved memory trace. D 2004 Elsevier B.V. All rights reserved.
Introduction
One of the critical processes in human memory is the detection and elimination of memory errors during retrieval. That retrieval can be erroneous is illustrated by the numerous studies on false memories (see for a review Ref. [55] ). Some authors have provided evidence for a self-monitoring or error-checking process, which evaluates the output of retrieval operations and tries to inhibit possible memory intrusions [6, 42, 43, 46, 62, 64] . Moscovitch [42] , for example, separated the memory retrieval component from the evaluation of its output. This evaluative process is thought to check the retrieved information for errors and is considered to be self-initiated, strategic, and effortful [43] . Burgess and Shallice [6] introduced a ''memory editor'' or monitoring stage as part of their supervisory attentional system, thus placing it in the context of executive control functions. The aim of this post-retrieval process is to verify the appropriateness of the retrieved information in a given context. Similar proposals have been made by Norman and Bobrow [45] and, more recently, by Koriat and Goldsmith [36] . The existence of an error-checking mechanism has been supported by several studies [46, 62, 64] . Its breakdown gives rise to confabulatory disorders [46, 62] . Different neuroimaging studies [1, 26, 27, 65] have pointed to the right dorsolateral prefrontal cortex as supporting the errorchecking/monitoring process (for a review, see Ref. [59] ).
In the present study, in order to further characterize the brain signatures of this executive control component of memory retrieval, we contrasted event-related brain potentials to items that had been learned under errorless and errorful conditions (cf. Ref. [3] ).
produced during the learning phase until the correct response is found. These errors are likely to cause interference and ultimately memory failures during subsequent retrieval attempts. In an animal study, Terrace [73] was the first to demonstrate that the number of memory errors during retrieval could be reduced by preventing the generation of wrong responses during the encoding phase (henceforth ''errorless'' learning, EL) (see also, Refs. [3, 30, 31, 35, 51, 53, 66, 69, 70, 80] ). A technique similar to the current study has been used by Baddeley and Wilson [3] : In the EF condition, the initial letters of a word (''stem'', e.g. F -L -O) are presented and subjects are encouraged to guess, which word the experimenter has in mind. After one or more ''incorrect'' guesses (e.g. flood, floor, flour), the experimenter indicates the correct completion (e.g. flower). The purpose of this procedure is to introduce errors during the learning phase. During EL learning, on the other hand, the designated correct word is directly provided to the subject at the beginning of each trial and, therefore, this learning method prevents possible incorrect guesses. In a study that compared amnesic patients with normal young subjects and normal elderly subjects, all three subject groups showed better recall after EL than EF learning. This differential effect was most pronounced in the amnesic group, which also had a lower overall performance. What is the reason for the increased memory performance after EL learning? Baddeley and Wilson [3] suggested that the EF condition might lead to more memory errors because the trial-anderror learning procedure enhances the level of activation of incorrect guesses, which then will compete with the activation of the correct item at retrieval. By contrast, the EL condition prevents such competition, because only the correct response gets activated during learning. The interference from multiple activated items after EF learning might be especially detrimental in subjects with memory impairment, as these rely on familiarity based decisions. Both correct and incorrect items are familiar in the errorful learning condition, and only the recollection of the specific aspects of the learning episode helps to keep these items apart.
The necessity to recollect the learning episode for items learned under EF but not under EL conditions places the EF/ EL paradigm in the context of source memory studies (see Refs. [33, 34] for a review). According to the source-monitoring framework, monitoring processes are applied to old and new items in order to differentiate between them. These operations can be made explicit by asking the subjects to not only decide, whether a given item during retrieval is ''new'' or ''old'', but also to make a secondary decision for the old items that reveals knowledge about the encoding episode (e.g. had it been spoken by a male or female speaker?).
Event-related brain potentials and memory
In recognition memory paradigms, items, e.g. words, that have been encountered before and are classified as old are associated with different ERP waveforms than items that are ''new''. Across studies, three ERP effects distinguishing old and new items have been consistently observed: first a decrease of the amplitude of the N400 component (between 300 and 500 ms); second, an increase of a parietal positive slow wave (between 500 and 800 ms) that has been given different labels such as ''late positive component'' [16,17, 48 -50,60] , ''P300'' [15, 18] , late positivity [14, 57, 58] or ''parietal old/new effect'' [56] . Finally, most relevant for the present investigation, different frontally distributed effects have been described, most often taking the form of a right frontal positivity in the 800 -1900 ms range [16, 17, 63, 77, 78] . With regard to the right frontal positivity, the fact that it has been observed in paradigms that extend beyond simple recognition judgments and involve the retrieval of source information [63, 77, 78] or require post-retrieval decision-making processes [13, 16, 77, 78] suggests that it could be related to monitoring functions. For example, in a source monitoring task, Wilding and Rugg [77] found a right frontal positivity for those items that were classified as new and attributed to the right voice (see also Refs. [39, 76, 78] ). Consequently, this right-frontal ERP effect has been discussed as reflecting retrieval of specific perceptual information regarding the memory source, the fact that such effects have not been found consistently in source memory tasks [63, 79] casts some doubt on this association, however. Moreover, Raganath and Paller [52] described a left frontal ERP effect that they interpreted as being due to the requirement to retrieve perceptual detail. Finally, Donaldson and Rugg [14] described two frontal positivities, one early and bilateral, the other occurring later and showing a right-sided maximum, which were differentially related to their task manipulations.
Electrophysiology of action monitoring
Within the last 10 years, ERP investigations of executive processes have focused on error detection and action monitoring. By averaging time-locked to the motor response rather than to the stimulus-onset, a negative component has been isolated appearing immediately after committing errors which therefore has been labeled error-related negativity (ERN) [19, 22, 23] . A large part of the ERN can be explained by a source in the anterior cingulate cortex [12, 25, 37] . One model associates the ERN to an error-detection mechanism [20, 22] , which compares an internal goal (a computed ''best response'') with the predicted consequences of the actual response. An internal ''error signal'' is generated if a mismatch is detected by the system. An alternative interpretation holds that the ERN merely reflects the degree of response conflict experienced by subjects [5, 10] . This theory fits well with data showing ERNs or anterior cingulate activity for correct responses [7, 38, 61, 75] and responses showing a higher degree of motor conflict [4, 24, 74] . Thus, the ERN-conflict detection model points to the ''evaluative'' nature of the anterior cingulate cortex [8, 9] . Thus, the ERN should be present when conflicting response alternatives are present, which suggests that it should be differentially affected by retrieval decisions for the different stimulus classes in the present study. Interestingly, Nessler and Mecklinger [44] were the first to use the ERN in a memory task. In their study, subjects studied words belonging two certain taxonomic categories (e.g. cosmetic articles, songbirds). During the retrieval test, these studied words were presented together with two classes of new words: so-called lure words, belonging to the same taxonomic categories as the studied items of that experimental block, and true new words not having any relationship to the study words. In the response-locked averages, the authors reported an ERN-like component for both true recognitions and false (i.e. lureword) recognition, with the effect being larger for the latter category. Interestingly, the distribution of the ERN-like component in the Nessler and Mecklinger [44] study was more posterior than the typical fronto-central distribution seen in other tasks.
Method

Sample
Fifteen right-handed volunteers (eight women) between 20 and 26 years of age (mean 24 years) were paid for their participation. All of them were native German speakers, neurologically healthy and had normal or corrected-tonormal vision.
Task description and procedure
The whole session comprised five study-phase/recognition-phase blocks as follows: Study phase: In each study phase 60 words had to be learned, which were pseudorandomly assigned to the EF or the EL condition. In a typical EF-trial, the following instructions were given by the experimenter sitting next to the subject: ''I am thinking of a word that begins with the letters B -R -U. Can you tell me some words which begin with these letters. . .''. A possible first answer could have been ''Brust'' (chest). Upon the first answer, the experimenter immediately required another guess. After guessing some words (usually 2 -3), the experimenter told the subject which one of the guessed words was correct or, in case the subject had not produced the desired word, provided the correct answer. The subject then repeated the target word. In this example the possible ''correct'' candidates could have been ''Brust'' or ''Bruder'' (brother). Both of these words were produced with 34% probability in a recent German stem completion study (data courtesy Richardson-Klavehn and Düzel, unpublished). Other, lower probability candidates for this letter triplet could have been ''Brunnen'' (well, 13%), ''Brunst'' (ardour, 6%) or ''Brutal'' (brutal, 3%). These words were not used in the scenarios of the retrieval phase.
For half of the subjects one high probability candidate was designated as correct (target), while for the other half of the subjects the second high probability candidate was used. For errorless trials (EL) the instructions were patterned after the following example: ''I am thinking of a word that begins with A -N -Z. This word is 'Anzeige' (advertiseement, 53%)''. The subject had to immediately repeat the target word. Notice that ''Anzahl'' (number, 28%) could have been another high probability candidate (with regard to the stem completion results) but was neither mentioned nor guessed in this learning condition. However, this word was presented in the recognition phase as a ''new word'' for half of the subjects. The other half of the subjects had ''Anzahl'' as target in the EL condition with ''Anzeige'' being used as a new word during recognition.
Recognition phase: After a short rest period of 2 to 3 min, the recognition phase began during which ERPs were recorded. During each recognition phase, 120 words were presented one by one in the middle of a video monitor (random SOA 1500 -2000 ms, rectangular distribution; 300 ms presentation time). Words were presented in white letters against a black background and subtended 0.5j of visual angle in height and between 1j and 3j in width. For each word, subjects had to signal by pressing one of two buttons whether or not a word had been a ''correct'' target word during the study phase.
Stimulus selection: Two lists of 150 different three letterstems were used for the EF and EL conditions, respectively (see Appendix A). The stems selected had at least two highprobability candidates for completion (in all cases the sum of the probability of the two most probable candidates was larger than 0.56; for the chosen 300 stems and 600 word candidates, the mean probability of stem completion using the two most probable candidates was 0.76). The mean frequency of all two most probable candidate words was 42.4 per million as determined by the CELEX database [2] . Thus, for each three-letter stem two candidates were chosen and used to prepare fixed scenarios for the word recognition task. Two lists of 150 stems were prepared and assigned to the EF or EL condition. This assignment was counterbalanced across subjects. Mean stem completion probability for the two candidate words was 0.76 in both lists and the mean word frequencies of the candidate words were 45.4 and 39.5 per million. The assignment of the target candidate for any given stem was also balanced across subjects. All in all there were four learning lists for which candidates were systematically rotated. See the following The word lists presented during the recognition test comprised 120 words, 30 ''target'' words from the EL and EF condition each plus the corresponding ''non-target'' candidate words. Five different pseudo-random scenarios were generated using these 120 words for every recognition phase. In each one the candidate words belonging to the same stem were separated by at least 15 intervening items.
Electrophysiological recording
ERPs were recorded from the scalp using tin electrodes mounted in an electrocap (Electro-Cap International) and located at 29 standard positions (Fp1/2, Fz, F7/8, F3/4, Fc1/ 2 Fc5/6, Cz, C3/4, T3/4, Cp1/2, Cp5/6, Pz, P3/4, T5/6, Po1/ 2, O1/2). Biosignals were recorded against a reference electrode placed on the right mastoid and were re-referenced off-line to the mean of the activity at the two mastoid processes. Vertical eye movements were monitored by a bipolar montage. Electrode impedances were kept below 5 kV. The electrophysiological signals were filtered with a bandpass of 0.01 -70 Hz (half-amplitude cut-offs) and digitized at a rate of 250 Hz. Trials with base-to-peak electro-oculogram (EOG) amplitude of more than 50 AV, amplifier saturation, or a baseline shift exceeding 200 AV/s were automatically rejected off-line (percentage of rejected trials was f 15% with no difference between conditions). Stimulus-locked ERPs were averaged for epochs of 1700 ms starting 100 ms prior to the stimulus. The factorial combination of learning condition (EF/EL), stimulus type (target/ non-target) and response (correct/incorrect) yielded eight different averages:
Notice that EL-CR is the only category comprising words new to the subject which were correctly classified as such. Therefore, this average will be used as a ''baseline'' against which the ERPs to the other words will be compared. In addition, response-locked averages starting 400 ms before and extending 624 ms beyond the buttonpress responses were obtained, again yielding eight different categories. Signal detection measures were used to evaluate learning performance [68] . In addition to the standard measures dV (accuracy) and beta (response bias), we also computed a measure of precision or ''relevance'' (ratio of hits and [hits plus false alarms]) used commonly to evaluate the proportion of retrieval items that are relevant [72] . The statistical analysis was performed using repeated measures designs as specified in the Results section. Target components for the evaluation of the ERPs were the N400 and the late positive component (LPC) in the stimulus-locked averages and the error-related negativity (ERN) in the response-locked average. Several three factor repeated measures ANOVAs were conducted for the evaluation of stimulus-locked ERPs (specified in each case in the Results section) and including (specified in each case) Type of stimuli (e.g. Hits, false alarms, etc.), Learning method (EF vs. EL learning), Hemisphere (right, left) and Anterior/Posterior position as within subject factors. The ANOVAs were conducted separately for data from the parasagittal locations (PS) (7 levels for anterior/posterior factor: Fp1/2, F3/4, FC1/2, C3/4, CP1/2, P3/4, PO1/2) and lateral (LAT) locations (5 levels for anterior/posterior, F7/ 8, FC5/6, T3/4, CP5/6, T5/6). For the midline locations (MD, Fz, Cz, Pz) only an Anterior/Posterior factor was included in the design. Statistical tests were carried out on mean amplitude measures in specified time-windows. To further investigate interactions including Type of stimuli and learning method, additional ANOVAs restricted to specific electrode sites were carried out.
For all statistical effects involving two or more degrees of freedom in the numerator, the Greenhouse-Geisser epsilon was used to correct for possible violations of the sphericity assumption [32] . The exact P-value after the correction will be reported. Tests involving electrode x condition interactions were carried out on data corrected using the vector normalization procedure [40] .
Results
Performance measures
The performance measures are summarized in Table 1 compared to the EL method. Expectedly, it also led to a greatly increased number of false alarms. While the overall number of detected targets was greater in the EF condition, accuracy, as reflected by the dV and ''precision'' measures, indicated a better quality of memory performance in the EL condition.
With regard to the response times, it is noteworthy that EF-CR responses were slower than any of the other types of responses. Consequently, in an ANOVA with Condition (EL vs. EF) and Type of response (hits and correct rejections) as factors the interaction of these two factors was significant ( F(1,14) = 9.00, P < 0.01). In addition, a main effect of Condition was found ( F(1,14) = 16.1, P < 0.001) reflecting the overall faster response times in the EL condition (893 vs. 850 ms).
3.2. Stimulus-locked event-related brain potentials (ERPs) Fig. 1 shows the grand average ERPs from selected scalp sites for both learning modes. Both, EF-Hits and EF- Fig. 1 . Grand average ERPs from selected scalp channels. In the top panel hits and false alarms from the EF conditions are compared to EL-CR (correct rejection of new words, i.e. non-target candidate words from the EL condition). Relative to EL-CR both, hits and false alarms, are associated with more positive waveforms. In the lower panel, EL-Hits are compared to EL-CR. Again, a more positive waveform is observed.
FA items, were associated with a more positive waveform relative to EL-CR starting at about 400 ms and peaking at about 600 ms. While this old/new effect is clearly present in the EF-FA items, i.e. those items that had been ''incorrectly'' guessed during EF learning, it was considerably larger in the EF-Hits stimuli. It is noteworthy, that the early portion of the old/new effect in EF-Hits and EF-FA was virtually identical and that the two waveforms started to diverge at approximately 500 ms. These waveforms were compared by a set of ANOVAs carried out on mean amplitude measures in different successive timewindows summarized in Table 2a . These ANOVAs were followed up by pairwise comparisons. The pairwise comparison EF-Hits/EL-CR was significant for between 300 and 700 ms (all df (1,14) 1 : 300 -500 ms: F = 6.62, P < 0.05; 500 -700 ms: F = 8.7, P < 0.001; 700 -900 ms: F = 3.29, P>0.1; 900 -1200 ms: F = 0.28, n.s.; 1200 -1500 ms: F = 0.41, n.s.). A similar pattern was observed for the comparison EF-FA/EL-CR (300 -500 ms: F = 11.8, P < 0.01; 500 -700 ms: F = 4.7, P < 0.05; 700 -900 ms: F = 0.29, n.s.; 900-1200 ms: F = 0.99, n.s.; 1200 -1500 ms: F = 2.13, n.s.), while EF-Hits/EF-FA yielded a significant effect only in the 600 -800 ms time-window ( F = 5.92, P < 0.03). The lower part of Fig. 1 compares EL-Hits and EL-CR. Visual inspection suggests the presence of a typical old/new effect. This effect was captured statistically by significant interaction effects (Type by hemisphere by anterior/posterior) as shown in Table 2b .
EF-Hits were significantly more positive than that to ELHits (see Fig. 2A ) indicating a more pronounced old/new effect in this condition (all df (1,14) ; midline, 300-500 ms: F = 8.23, P < 0.05; 500-700 ms: F = 9.92, P < 0.01; 700 -900 ms: F = 0.34, n.s., 900-1200 ms: F = 0.03, n.s.; 1200-1500 ms: F = 0.01, n.s; parasagittal, 300-500 ms: F = 13.6, P < 0.001; 500 -700 ms: F = 23.1, P < 0.0003; 700 -900 ms: F = 1.25, n.s.; 900-1200 ms: F = 0.01, n.s.; 1200 -1500 ms: F = 0.02, n.s.; temporal, 300 -500 ms: F = 9.83, P < 0.01; 500 -700 ms: F = 32.2, P < 0.001; 700-900 ms: F = 6.46, P < 0.05; 900-1200 ms: F 7.66, P < 0.02; 1200-1500 ms: F = 5.6, P < 0.05).
By contrast no significant differences were noticeable between the ERPs to the EF-Misses and EL-Misses ( Fig.  2B ; midline, parasagittal, temporal electrode sets, for all time-windows between 300 and 1500 ms, all F(1,14) < 1.6, all n.s.). To further illustrate the old/new effect, difference waves were computed by subtracting the EFHits, EL-Hits, and EF-FA ERPs from the new word (EL-CR) baseline condition. These are illustrated in Fig. 3 together with topographical isovoltage maps. The old/new effect occurred somewhat earlier in the EF-FA and EFHits condition compared to the EL-Hits condition. Moreover, while a frontal maximum was found in the earlier time-window for all three difference waves, the distribution in the EL-Hits condition showed a clear right preponderance. These topographical differences were fol- lowed up by computing an ANOVA with condition (EFHits, EF-FA, EL-Hits) and electrode (29 positions) as factors. The ANOVA was performed after application of the vector-normalization procedure [40] . The interaction between condition and electrode was significant (all df(56,789); 500 -600 ms F = 2.22, P < 0.05); 600 -700 ms: F = 1.90, P < 0.05; 700-800 ms: F = 2.43, P < 0.01) suggesting that indeed the distributions of the three difference waves are different. Fig. 4 illustrates the comparison between false alarms and correct rejections for both learning conditions. The EF-FA items were associated with a more positive waveform with an onset around 400 ms, which was significant in the 300 -500 ms time-window (midline, F = 10.22, P < 0.01; parasagittal, F = 11.24, P < 0.01). This pattern is not present in the EL condition (all F < 1.1).
Response-locked ERPs
In order to better delineate the response-related negative components, response-locked averages were high-pass filtered (1 Hz half amplitude cut-off). Such a filter has been used previously in studies on the error-related negativity [54] and attenuates the amplitude of the late positive component overlapping the response-related negativity. The mean amplitude in the time-window between À 300 and À 50 ms before the response was used to realign the response-locked ERPs. Figs. 5 and 6 illustrate the response-locked waveforms. The corresponding topographical distributions can be derived from Fig. 7 . Two different negative peaks are clearly visible in these waveforms. The first component shows a peak at about 70 ms and is maximal at frontocentral locations. It thus resembles the topographical distribution of the error-related negativity (ERN). The second negative component has a peak around 320 ms and a clearly different topographical distribution with a maximum at parietal sites. Note that these two components are also visible, albeit ''smeared out in time'', in some of the stimulus-locked averages (Figs. 1, 2, and 4) .
Because of the midline maximum of the response-locked ERPs, statistical analyses were restricted to midline locations. ANOVA-results can be derived from Table 3 . These were followed up by pairwise comparisons as specified in the following paragraphs (all df (1,14) ).
In the EF condition, both EF-Hits and EF-FA are associated with an ERN, which is not present in the EL-CR trials (Fig. 5, left column) . The first negative peak was assessed by a mean amplitude measure (interval between 0 and 100 ms) at midline locations (Fz, Cz, Pz). This showed a significant difference between EF-Hits and EL-CR ( F = 9.04, P < 0.01) and EF-FA and EL-CR ( F = 6.22, P < 0.03). No differences were found between EF-Hits and EF-FA ( F < 1). In the EL condition, EL-Hits were associated with an ERN-like negativity, which approached statistical significance ( F = 0.01, P = 0.1, compared against EL-CR). EL-FA trials clearly showed the highest amplitude of the ERN-like component and statistical comparison was significant when compared to EL-CR ( F = 16.28, P < 0.005) as well as to EL-Hits ( F = 9.90, P < 0.01).
In Fig. 6 , correct rejections (i.e. correct trials) are compared to false alarms (i.e. error trials) for both learning conditions. In both conditions, correct rejections were associated with a much smaller amplitude of the negative component compared to false alarms. In an Table 3 Response-locked ERPs, statistical effects ANOVA with Learning mode and Type of response (CR and FA) as within subject factors (midline electrodes, 0-100 ms), no main effect of Learning mode was obtained ( F = 3.38, P>0.08). The larger ERN in false alarm trials was reflected by a main effect of Type of response ( F = 19.65, P < 0.001). The interaction between Learning and Type of trial was not significant ( F(1,14) = 2.77, P>0.12).
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The second negative peak was quantified by a mean amplitude measure (200 -300 ms, midline locations). An ANOVA (see Table 3 ) revealed no main effects of Learning mode and Type of trial but a significant interaction effect. This interaction reflects the decreased amplitude of the second negativity for EL-FA trials relative to the other conditions.
Discussion
The present investigation is aimed at the delineation of brain responses that might index the activity of an error checking system in episodic retrieval as suggested by several authors [6, 42, 46, 62, 64] . To this end we investigated ERPs elicited by items learned under errorful or errorless conditions. Clear behavioral and electrophysiological differences emerged between both conditions. The most important result of the present study is that a negative component akin the ERN was obtained in the response-locked averages which appears to index the activity of the error checking system, as we will argue below. First, however, we would like to discuss the behavioral effects and the stimulus-locked ERPs. Behaviorally, the manipulation of errorful vs. errorless encoding had profound consequences. The accuracy and precision of memory performance, as indexed by dV and precision measures of signal detection theory, was considerably improved for items that had been acquired under errorless conditions. Thus, the experimental manipulation, in principle, has been successful. The overall number of detected targets was greater under errorful conditions, however, and this condition was also associated with a greatly enhanced rate of false alarms. This difference in the number of hits between the two conditions suggests that items in the errorful conditions were encoded more deeply and that a level of processing manipulation (cf. Ref. [11] ) might have been introduced. Indeed, the time needed for guessing the correct word during EF was considerably longer than the time taken to present a word during EL. This interpretation is also supported by the results for the stimulus-locked brain potentials. ERPs to EF-Hits were more positive than those to EL-Hits ( Fig. 2A) . In previous studies explicitly manipulating the level of processing at encoding, the LPC but not the N400 portion of the old/ new effect was enhanced for deeply encoded items [47, 48, 57] . A second ERP-result of interest concerns the false alarm trials from the EF-condition. This category comprised words that had been produced by the subject during the learning phase but had been labelled as ''incorrect'' by the experimenter. These words were associated with an increased positivity between 400 and 700 ms compared to EL-CR. Interestingly, EF-Hits and EF-FA began to differ after 600 ms. Thus, EF-FA were characterized by an old/new effect but the amplitude of this effect was significantly reduced relative to EF-Hits between 600 and 800 ms. A similar effect is absent for the EL condition in which false alarms pertained to words 2 In a further ANOVA analysis with Learning mode and Response type (CR vs. Miss), no main or interaction effects were obtained. that had not been encountered during encoding. Thus, the pattern in the EL-condition is similar to other studies that did not report old/new effects for false alarms (e.g. [67, 79] . In other words, the old/new effect for EF-FA appears to be related to the specific learning method used. With regard to the distribution of the old/new effects in the present study (Fig. 3) , it is noteworthy that all three conditions (EF-Hits, EF-FA, EL-Hits) showed a frontal maximum. Only the distribution of the EL-Hits condition, however, showed a right frontal maximum, while the other two had a more bilateral condition. Together with the earlier onset latency of the old/new effect in EF-Hits and EF-FA, this suggests that a significant contribution to the effect in these conditions come from the modulation of the N400 component (cf. Ref. [41] ), implying familiarity based recognition. Note that right-frontal effects similar to the one seen in the EL-Hits condition have been reported in a number of recent experiments. For example, Wilding and Rugg [77] described a right-frontal component in a source retrieval paradigm. In this type of task, subjects are required to make a double decision, i.e. an old/new judgment followed by a decision requiring access to the specific learning episode (source judgment). Wilding and Rugg [77] proposed that this component reflected ''post-retrieval operations'' on the retrieval products (see also Ref. [14] ). Düzel et al. [16] reported a similar effect in an experiment using the remember/know paradigm. While no final conclusion about the nature of this effect has been reached, it appears to be clear that it is associated to the evaluation of the quality of the retrieved memory trace. In fact, the present task taxed the monitoring device to a greater extent than standard old/new tasks, as the subject not only had to decide for each word whether it was ''old'' but also whether or not it had been a ''target'' during encoding. Thus, a situation similar to the source memory paradigm is created. Interestingly, recent neuroimaging studies showed differential activity of right prefrontal cortex in episodic memory retrieval processes (see for a review Refs. [21, 59] ). Some of them have proposed that the right dorsolateral and anterior prefrontal cortex supports monitoring operations during episodic retrieval tasks [1, 26, 27, 28, 65] . Likewise, an fMRI study by Herrmann et al. [29] revealed right prefrontal activations for words that had been intensively studied but were then marked as non-targets and had to be rejected during retrieval. The involvement of right frontal cortex in the monitoring and evaluation of errors during retrieval is also suggested by neuropsychological studies showing that repetition errors in free recall tend to occur in patients with right dorsolateral frontal damage [71] .
Most important with regard to the proposed error-checking mechanism during memory retrieval [6, 42, 43, 46, 62, 64] are the response-locked averages. Morphology, peak latency and distribution (see Fig. 7 ) of the negative component occurring after the response are identical to that of the error-related negativity, a component that has been originally described following erroneous responses [19, 22, 23] . In subsequent studies it has also been found for correct responses under certain circumstances [10, 38, 61, 75] . Clear and unequivocal ERNs of varying size are present EF-Hits, EF-FA, EL-Hits and EL-FA, while the ERN is small to absent in the CR and Miss trials from both conditions. This pattern of results can be explained with regard to the response conflict model of the ERN [5, 7] . This model holds that the degree to which a ''conflict monitor'' is activated depends on the product of the current activations for each of two concurrently available response alternatives: Thus, if the retrieval process indicates that the subject has encountered a particular stimulus before, as in the Hit and FA trials, it has to be checked whether this item is indeed correct or not. Note that in the current experiment for items coming from the errorful learning process, two responses (target or non-target) are likely to be activated to a similar degree, whenever an item seemed familiar. In this case, the response conflict model would predict a sizeable ERN, which was indeed the case in the actual data. Trials from the EL-and EF-learning modes occurred intermixed during the study phase. This should lead to a great activation of the target-response but at the same time to some rudimentary activation of the non-target response in the EL-Hit trials, thus resulting in an ERN. The fact that the EL-FA trials are associated with the largest ERN component might appear somewhat puzzling. Recall, however, that the EL-FA trials concerned items that were not encountered during the study phase and therefore should give rise to a greater activation of the ''no-target'' response that would compete with the actual ''target''-response given by the subject.
Can the response conflict model also explain the ERNresults for the ''no''-responses? Here, regardless of whether or not the subject was right (CR) or not (Miss), very small or absent ERNs were obtained. This is somewhat puzzling, because in the EF-CR, EF-Miss and EL-Miss trials the subjects had encountered the particular item during the study phases. However, if one considers that the error checking mechanism might only come into play, if the output of the retrieval process exceeds a certain threshold, the pattern of results can be explained. In other words, if the retrieval process does not yield a result, this appears to lead to unambiguous activation of the ''no''-response and no ERN is emitted. The current study is only the second instance of a report of an ERN-(like)-component in a memory task. Recently, Nessler and Mecklinger [44] have reported a similar effect, which, in contrast to the current study, was more posteriorly distributed however. These authors speculated that the difference to the classical fronto-central distribution of the ERN found in perceptual tasks might be due to the fact that different portions of the anterior cingulate cortex might have been recruited in their task, possibly related to more evaluative processes. At this point we are unable to pinpoint the exact factors that might be responsible for the topographical differences between the current and the Nessler and Mecklinger study. Interestingly, a second negative peak following the ERN was observed in the current study. The scalp maximum of this second peak is centroparietal and clearly different from that of the ERN. While a selective amplitude reduction of this peak was found for EL-FA trials, determination of its functional significance must await further studies.
To conclude, the current study demonstrates that stimulus-locked and response-locked ERPs can be used to distinguish different monitoring stages implied in episodic memory retrieval. Combined with other neuroimaging techniques, future studies will need to address the contribution of different frontal areas in monitoring, evaluating, and verifying recovered memory traces in accordance to the goals of the memory task.
